Introduction
============

Despite significant progress in cancer therapeutics over the past few decades [@B1], tumor relapse following long periods of remission after treatment remains a challenging problem. Tumorigenic cells, when facing a hostile environment, may enter a dormant state, leading to long-term tumor survival, relapse, and metastasis. To date, the molecular mechanism of tumor cell dormancy remains poorly understood.

Tumor dormancy is emerging as a key event for tumors escaping intrinsic (immune surveillance) and extrinsic (toxic drugs) attacks [@B2], [@B3]. Tumor cell dormancy is defined at cellular levels as a process of induced cell cycle arrest. Tumor cells staying in a dormant state present a key challenge in cancer therapy because of their inhibition of cell proliferation and suppression of cell survival pathways [@B4], [@B5]. The dormant tumor cells remain at low numbers after primary tumor resection. These cells are undetectable for long periods and may be the reason for continued asymptomatic residual disease progression and treatment resistance [@B6]-[@B8]. Transmission of cancer from organ transplant recipients has been regarded as an evidence of immunologic tumor dormancy, a dominant type of tumor mass dormancy [@B9]-[@B11]. However, it is still unclear how the immune system induces tumor entry into dormancy and what cellular processes govern these clinical observations. It is also unknown whether the differentiation status of tumorigenic cells plays key roles in the conversion of tumor dormancy and death under immunosurveillance.

Recently, the highly malignant and tumorigenic melanoma tumor-repopulating cells (TRCs) have been screened and grown in our group by culturing single cancer cells in soft fibrin matrices [@B12]. Remarkably, in addition to being able to generate local primary tumors in wild-type syngeneic mice when injected into tail veins, as few as ten of these cells can generate distant metastatic colonization and grow tumors in the lungs of wild-type non-syngeneic mice [@B12]. Therefore, we functionally define these soft-fibrin-gel- selected melanoma cells as TRCs based on their high efficiency in repopulating tumors in wild-type syngeneic and non-syngeneic mice when implanted subcutaneously and at secondary sites [@B12]. These functionallydefined TRCs are distinct from conventional cancer stem cells (CSCs) and from tumor initiating cells (TICs). CSCs are a subset of cancer cells that can self-renew and are highly tumorigenic. CSCs have been identified and sorted using stem cell markers [@B13], such as CD133, CD44, CD24, and CD90 [@B14]. However, the approach of identifying cells via their stem cell markers is often unreliable, as subsequent work demonstrates that there is no correlation between surface stem cell markers and tumorigenicity [@B15]. TICs are heterogeneous and have 3 subtypes: transient, long-term, and delayed-contributing phenotypes [@B14]. Although these soft-fibrin-gel-selected melanoma TRCs may be also heterogeneous, our previous studies have shown that even as few as about ten TRCs are sufficient to form lung metastasis [@B12] and the recent finding that 5 TRCs are sufficient to generate subcutaneous tumors [@B16] suggest that these TRCs are distinct from those TICs that require tens of thousands of cells to generate tumors. Sox2, a stemness molecule that governs the pluripotency of embryonic stem cells [@B17], [@B18], is dramatically upregulated in TRCs that grow in soft matrices [@B19]. TRCs gradually lose Sox2 expression and become differentiated when cultured on 2D rigid plastic dish [@B19]. When tumor cells are cultured in 3D stiff fibrin matrices, Sox2 expression becomes greatly downregulated and melanoma TRC proliferation substantially decreases [@B19]. Several other labs have also demonstrated that Sox2 is a regulator of tumor cell self-renewal and tumorigenicity [@B20], [@B21]. In 3D stiff matrices, a Cdc42-driven Tet2 epigenetic program drives highly tumorigenic TRCs to enter dormancy [@B16]. From these published reports, we hypothesize that altering Sox2 expression, independent of the mechanics of 3D matrices, might change the cell cycle state of TRCs to modulate their dormancy propensity.

In this study, we found that low levels of Sox2 in TRCs, via silencing Sox2, induce entry of these tumorigenic cells into dormancy even when these cells are cultured in 3D soft fibrin matrices that should have promoted growth. Low levels of Sox2 in melanoma TRCs induce these cells into dormancy through activating the IDO1-AhR metabolic pathway, leading to upregulation of p27 and p21 and subsequent cell cycle arrests. Intriguingly, complete depletion of Sox2 via knockout results in the exit of melanoma TRCs from dormancy and resumption of proliferation. We found that complete depletion of Sox2 promotes nuclear translocation of activated STAT3 at both tyrosine and serine sites. Activated STAT3 binds to the*p53* gene promoter and subsequently activates the p53-caspase3 cascade.

Methods
=======

Animals
-------

Four-week-old C57BL/6 mice were purchased from the Center of Medical Experimental Animals of Hubei Province (Wuhan, China). The mice were randomly assigned to be in the control or treated group. All animals received humane care in compliance with the Principles of Laboratory Animal Care Formulated by the National Society of Medical Research and the guide for the US National Institutes of Health. The protocol was approved by the Animal Care and Use Committee of Huazhong University of Science and Technology.

Cell culture
------------

Murine melanoma cell line B16-F1 and human melanoma cell line A375 were purchased from China Center for Type Culture Collection (CCTCC, Wuhan, China). Cells were cultured with minimum essential medium (MEM) and Dulbecco\'s modified Eagle\'s medium (DMEM; Invitrogen, Carlsbad, CA, USA\]), supplemented with 10% fetal bovine serum (Invitrogen). The mESC line W4 was obtained from New England Biolabs (Ipswich, MA, USA). These undifferentiated mESCs were cultured and maintained in high-glucoseDMEM (Invitrogen) supplemented with 15% ES-qualified fetal bovine serum (Invitrogen), 2 mM L-glutamine (Invitrogen), 1 mM sodium pyruvate, 0.1 mM nonessential amino acids (Invitrogen), 1% penicillin-streptomycin, 0.1 mM beta-mercaptoethanol (Sigma, St. Louis, MO, USA), and 1,000 U/mL recombinant LIF (ESGRO; Millipore, Billerica, MA, USA) at 37 ^o^C in 5% CO~2~.

3D fibrin gel preparation
-------------------------

Salmon fibrinogen and thrombin were purchased from Reagent Proteins (San Diego, CA, USA). Three-dimensional fibrin gels were prepared as described previously [@B12], [@B19]. Briefly, 250 μL of 1 mg/mL (\~90 Pa) fibrinogen and single-cell solution mixture were seeded into each well of a 24-well plate and mixed well with 5 μL pre-added thrombin (100 U/mL). The cell culture plate was then incubated in a 37 °C cell culture incubator for 25 min. Finally, 1 mL of MEM containing 10% fetal bovine serum and antibiotics was added.

qPCR analysis
-------------

Total mRNA was isolated from the cells using the Trizol reagent according to the supplier\'s instructions (Invitrogen, Carlsbad, CA, USA). Reverse transcription (RT) was performed using the TransScript First-strand cDNA Synthesis Super Mix (TransGen, Beijing, China). qPCR was performed using GoTaq qPCR Master Mix (Promega, Madison, WI, USA). The primer sequences are shown in Table [S1](#SM0){ref-type="supplementary-material"}.

Cell cycle and apoptosis analysis
---------------------------------

Cells were incubated with 50 mM BrdU (BD Bioscience, Franklin Lakes, NJ, USA) for 2 h, and cell cycle analysis was performed using BD Pharmingen APC-BrdU Flow Kits according to the manufacturer\'s protocol (BD Bioscience, Franklin Lakes, NJ, USA). The samples were analyzed by flow cytometry on a BD Accuri C6 Flow Cytometer (BD Bioscience). Cell apoptosis was detected using the Annexin V-FITC Apoptosis Kit (Biolegend, San Diego, CA) according to the manufacturer\'s protocol. The cells were cultured for 48 h with normal medium and then treated with or without drugs for 24 h. Cells were collected and re-suspended in 1× binding buffer at a concentration of 1 × 10^6^ cells per mL. Then, the cells (1 × 10^5^) were incubated with 5 μL of Annexin V-FITC and 5 μL of PI for 15 min at 24 °C in the dark, followed by the addition of another 400 μL of 1× binding buffer. Samples were analyzed by flow cytometry. The data were analyzed using FlowJo software (San Francisco, CA, USA).

Immunofluorescence
------------------

Cells were fixed with 4% formaldehyde (BioSharp, Hefei, China) for 10 min at room temperature. Cells were then permeabilized with 0.5% Triton X-100 (BioSharp, Hefei, China) for 2 min and treated with a blocking serum (Solarbio, Beijing, China) for more than 5 h. Primary antibody, anti-COUP TF1 (sc-74560, 1:50, Santa Cruz, TX, USA), and anti-Ki67 (ab15580, 1:200, Abcam, Cambridge, UK) were incubated overnight for immunofluorescence. After being washed to remove unbound primary antibodies, cells were incubated with the secondary antibody Dnk pAb to Rb IgG (Alexa Fluor&reg; 488) (ab150074, 1:1000, Abcam, UK), donkey anti-mouse IgG H&L (Alexa Fluor 594) (ab15010B, 1:1000, Abcam, UK), and DAPI (Biosharp, Hefei, China) for 2 h under dark conditions. Images were acquired with a Leica SP8 (Wetzlar, Germany) confocal microscope.

Western blotting assay
----------------------

Cells and tumor tissues were lysed with RIPA Lysis buffer (Beyotime, Shanghai, China), and protein concentrations were determined by the BCA kit (Beyotime, Shanghai, China). Each sample was separated by 8-12% SDS-PAGE, blocked with 5% BSA (Albumin from bovine serum) for 2 h at room temperature, and incubated with primary antibodies to β-tubulin, Sox2 (\#14962, 1:100, CST, MA, USA; sc-365964, 1:100, Santa Cruz, TX, USA; ab97959, 1:1000, Abcam, Cambridge, UK), AhR (ab2769, 1:500, Abcam, Cambridge, UK), STAT3 (\#12640, 1:1000, CST, MA, USA), Y-STAT3 (ab76315, 1:2000, Abcam, Cambridge, UK), S-STAT3 (ab86430, 1:250, Abcam, Cambridge, UK), PCNA (\#2586, 1:2000, CST, MA, USA), IDO1 (\#51851, 1:500, CST, MA, USA), p53 (\#2524, 1:1000, CST, MA, USA), p27 (\#3686, 1:1000, CST, MA, USA), and p21 (sc-397, 1:200, Santa Cruz, TX, USA) overnight at 4 ^o^C. Primary antibodies were detected with a goat anti-rabbit IgG-HRP (sc-2004, 1:2000, Santa Cruz, TX, USA) or anti-mouse IgG-HRP (sc-2005, 1:2000, Santa Cruz, TX, USA). The blots were developed using Super Signal West Pico chemiluminescent substrate (Millipore, Billerica, MA, USA).

Glucose consumption
-------------------

Cells were collected and lysed for 10 min at 24 ^o^C and then treated for 30 min at 37 ^o^C using the Glucose Oxidase Method Kit (ATI, Beijing, China). Absorbance values were determined at 550 nm. Glucose consumption was calculated using the standard curve.

SA-β-gal activity assay
-----------------------

B16 TRCs were fixed for 15 min at room temperature and then stained overnight at 37 ^o^C using the β-Galactosidase Staining Kit (CST, Danvers, MA, USA). SA-β-gal-positive and negative cells were then counted under the microscope.

Chromatin immunoprecipitation assay
-----------------------------------

We performed a chromatin immunoprecipitation (ChIP) assay following the manufacturer\'s instructions (EZ-ChIP kit, Millipore). Briefly, cells were subjected to cross-linking with 1% formaldehyde in medium for 10 min at 37 °C and then lysed on ice. Chromatin was sonicated to shear DNA to an average length of 0.2-1.0 kb. ChIP was performed using a control rabbit IgG or antibody against S-STAT3 or Y-STAT3 (Abcam, UK). The DNA fragments in the precipitates were purified for real-time qPCR analysis. Primer sets corresponded to *p53* and *p27* promoter regions. Primer sequences are shown in **Table [S1](#SM0){ref-type="supplementary-material"}**.

Tumor-specific CTL killing assay
--------------------------------

Briefly, splenocytes were harvested from mice preimmunized with B16 TRCs 20 days after tumor implantation, and single-cell suspensions were prepared by homogenization using frosted glass slides. Splenocytes were cultured with tumor cells. Several days later, the cells were harvested and used as CTL effector cells in a standard lactate dehydrogenase cytotoxicity assay.

Transfection and stable cell line generation
--------------------------------------------

Cells were transfected with gRNA-Cas9, shRNA, or complementary DNA using Lipofectamine 2000 (Invitrogen) following the manufacturer\'s protocol. Sox2 shRNAs and scramble shRNA sequences are shown in **Table [S2](#SM0){ref-type="supplementary-material"}**. The Sox2 cDNA was obtained from OriGene (MG204615, Rockville, MD, USA). IFNγ was purchased from PeproTech (Rocky Hill, NJ, USA). Sox2 shRNA-transfected cells were purified with Puromycin (Sigma, St. Louis, MO, USA) for 7 days. CRISPR/Cas9 was applied to generate frameshift mutations in the Sox2 coding sequence. gRNA-Cas9 plasmids were purchased from Cyagen Biosciences (Guangzhou, China). gRNA sequences are shown in **Table [S3](#SM0){ref-type="supplementary-material"}**. The GFP+ populations were purified from cell lines harboring each individual guide RNA from a single cell, and then the targeted loci were analyzed by Sanger sequencing. TIDE analysis (<https://tide.deskgen.com/>) was used to calculate the indel mutation efficiency at the targeted loci.

Colony number assay
-------------------

By changing the focal planes along the z axis (the direction of gel depth), the colony number was counted view by view. At least three wells of colonies were counted per condition per day.

Statistical analysis
--------------------

All statistical analyses were performed using a two-tailed Student\'s *t*-test with an unequal variance, except for analyzing data from mice experiments which was performed using the Fisher\'s exact test and Welch\'s unpaired *t*-test.

Results
=======

Sox2 is required for TRC stemness and growth
--------------------------------------------

We have reported that *Sox2* is a critical and highly expressed gene in melanoma TRCs, and knocking down *Sox2* substantially inhibits tumor cell proliferation and tumorigenic capacity [@B12], [@B19]. To further explore Sox2 function in TRCs, we knocked out the *Sox2* gene in the B16-F1 cell line using the CRISPR-Cas9 genome editing technique. We designed two different gRNAs and chose gRNA2 since it has a higher mutation rate (**Figure [S1](#SM0){ref-type="supplementary-material"}A**). Sox2 mutant cell lines \#1 and \#2 were selected. The cells transfected with scrambled plasmids grew in a manner similar to control cells (**Figure [S1](#SM0){ref-type="supplementary-material"}B-C** ). Then, we cultured negative control cells (transfected with scrambled shRNA), Sox2 knockdown cells (Sox2 shRNA, silenced with short-hairpin RNA of Sox2), Sox2 overexpressed cells, control cells, and Sox2 knockout cells (Sox2 KO) in the soft 90-Pa 3D fibrin gels for 5 days, and calculated their colony numbers and sizes. Knocking down Sox2 dramatically decreased colony sizes (**Figure [1](#F1){ref-type="fig"}A-B** ), but decreased colony numbers (an index of how many colonies could form for a given cultured tumor cell population) only by \~20% (**Figure [1](#F1){ref-type="fig"}C**). These cells expressed low levels of Sox2 as a result of Sox2 silencing (**Figure [1](#F1){ref-type="fig"}D-E**) and almost stopped growing (**Figure [1](#F1){ref-type="fig"}A-B** ). Transfection efficiency of Sox2 shRNA and overexpression plasmid were measured by western blotting and qPCR (**Figure [S1](#SM0){ref-type="supplementary-material"}D-E**). Comparing brightfield images of colonies from Sox2 siRNA and Sox2 shRNA TRCs (**Figure [S2](#SM0){ref-type="supplementary-material"}A**), we found that the colonies in the Sox2 shRNA group were more round and uniform in size than those of the Sox2 siRNA group and there were many spread colonies in the Sox2 siRNA group, suggesting that many cells in the Sox2 siRNA group began to differentiate, consistent with the previously published report [@B12]. In contrast, overexpressing Sox2 significantly increased colony sizes and numbers (**Figure [1](#F1){ref-type="fig"}A-C**). Intriguingly, complete depletion of Sox2 via knockout (**Figure [1](#F1){ref-type="fig"}D-E**) only decreased colony sizes and numbers by \~50% and moderate proliferation capability was maintained (**Figure [1](#F1){ref-type="fig"}A-C**).

Low levels of Sox2 induce TRC dormancy in culture
-------------------------------------------------

Sox2 knockdown colonies exhibited typical growth arrests, which is consistent with our previous report [@B19]. To determine if these cells could resume proliferation at longer times, we extended the observation time to 10 days. The colony size did not change on day 10 when compared with that on day 5 (**Figure [2](#F2){ref-type="fig"}A**, left). Overexpressing Sox2 in these Sox2 shRNA transfected, day-10 colonies reactivated colony growth (**Figure [2](#F2){ref-type="fig"}A**, right), suggesting that these Sox2-silenced tumor cells were not apoptotic. Apoptotic analyses confirmed that shRNA Sox2 did not cause apoptosis in these melanoma cells (**Figure [S3](#SM0){ref-type="supplementary-material"}**). Moreover, cell cycle analysis showed that knocking down Sox2 significantly increased the G~0~/G~1~ ratio (**Figure [2](#F2){ref-type="fig"}B-C**), suggesting that low levels of Sox2 may induce TRCs to undergo cell cycle arrest. Tumor dormancy can be functionally defined as G~0~/G~1~ arrest and cell re-growth once the inducers of dormancy are removed. We hypothesized that knocking down Sox2 might induce TRCs to enter dormancy. Among the genes for the dormancy signature, COUP-TF1^+^ Ki67^-^ has been identified as a dominating dormancy marker [@B22]-[@B24]. Using immunofluorescence assays, we found that the percentage of COUP-TF1^+^Ki67^-^ cells was significantly increased and glucose consumption was decreased after Sox2 was silenced (**Figure [2](#F2){ref-type="fig"}D-E**). When compared to the positive control Etoposide- (a DNA re-ligation inhibitor, 50 μM)treated group [@B25], the Sox2 shRNA-treated colony did not undergo senescence as shown by β-galactosidase activity (**Figure [2](#F2){ref-type="fig"}F**). It is known that dormant tumor cells increase their resistance to chemotherapeutic drugs [@B26]. Two anti-tumor retinoid drugs, tazarotene [@B27] and ATRA [@B28], were used in control and Sox2 knockdown TRCs. The colony size and apoptotic ratio results show that the drug resistance was also increased in the knockdown group (**Figure [S3](#SM0){ref-type="supplementary-material"}A-B**). Silencing Sox2 using siRNA also induced cell cycle arrest and elevated the percentage of COUP-TF1^+^Ki67^-^ cells, suggesting cell dormancy (**Figure [S2](#SM0){ref-type="supplementary-material"}B-C**). However, the Sox2 shRNA cells appeared to exhibit higher G~0~/G~1~ ratios and a higher COUP-TF1^+^Ki67^-^ percentage (compare **Figure [S2](#SM0){ref-type="supplementary-material"}B, D** with **Figure [2](#F2){ref-type="fig"}B-D**). Together, these data suggest that low levels of Sox2 are required for TRC dormancy.

Recently, it was reported that pleiotropic cytokine IFNγ may induce TRC entry into immunologicallyinduced dormancy through the IDO-AhR metabolic pathway [@B29]. Consistent with the published results, we found that IFNγ treatment also decreased Sox2 expression (**Figure [2](#F2){ref-type="fig"}G**). Silencing Sox2, independent of IFNγ, significantly increased IDO1 and AhR expression and AhR nuclear translocation (**Figure [2](#F2){ref-type="fig"}G** and **Figure [S4](#SM0){ref-type="supplementary-material"}A-B**).

To further test whether silencing Sox2 induces cellular dormancy in other cells types, we used human melanoma cell line A375 and mouse embryonic stem cell line W4. For the cell lines cultured in 3D soft fibrin matrices, colony growth was substantially arrested after Sox2 was silenced (**Figure [S5](#SM0){ref-type="supplementary-material"}A-B** ) and IDO1 expression was increased (**Figure [S5](#SM0){ref-type="supplementary-material"}C**). These data suggest that Sox2 knockdown (**Figure [S5](#SM0){ref-type="supplementary-material"}D**) colonies from different cell lines all undergo dormancy as B16 TRCs do.

Complete depletion of Sox2 triggers TRC exit from dormancy
----------------------------------------------------------

In sharp contrast, Sox2 KO TRCs in soft fibrin matrices exhibited proliferation but not dormancy. Cell cycle analyses show that the G~0~/G~1~ ratio was only slightly increased in Sox2 knockout TRCs (**Figure [3](#F3){ref-type="fig"}A**). The expression of PCNA (proliferating cell nuclear antigen) protein, a well-accepted cell proliferation marker [@B30], was decreased by \~15% (**Figure [3](#F3){ref-type="fig"}B**) and the dormancy marker COUP-TF1^+^ Ki67^-^ did not increase in Sox2 KO TRCs (**Figure [S6](#SM0){ref-type="supplementary-material"}**). However, we observed that the expression of cancer cell stemness marker CD133 [@B31]-[@B33] was decreased in Sox2 KO TRCs (**Figure [3](#F3){ref-type="fig"}B**), implying that these Sox2 KO colonies may lose some of their CD133-mediated stemness. In contrast, CD133 levels were increased in Sox2 shRNA TRCs (**Figure [S7](#SM0){ref-type="supplementary-material"}**), suggesting that CD133-mediated stemness increased, although we do not know the underlying mechanism. Since Sox2-shRNA cells enter dormancy and are not tumorigenic, our result suggests that CD133 plays a different role from Sox2 in tumorigenicity. Our data are consistent with findings from the Sean Morrison group [@B15] that CD133 is not a reliable stemness and tumorigenic marker in highly tumorigenic melanoma cells. To test the capacity of drug resistance of Sox2 KO TRCs, we used Tazarotene, ATRA, Temozolomide, Cisplatin, and the dormancy inducer IFNγ to treat Sox2 KO and control TRCs, respectively. Sox2 KO TRCs exhibited a much lower resistance to apoptosis, as the colony size was decreased much more than that of control TRCs (**Figure [3](#F3){ref-type="fig"}C** and **Figure [S8](#SM0){ref-type="supplementary-material"}E**). The apoptotic ratio was still high even when treated with IFNγ (**Figure [3](#F3){ref-type="fig"}D**), which has been reported to induce TRC dormancy [@B28]. Furthermore, western blot data showed that in Sox2 KO TRCs, the expression of IDO1 was not increased even after IFNγ treatment (**Figure [3](#F3){ref-type="fig"}E**and **Figure [S4](#SM0){ref-type="supplementary-material"}C**). TRC Sox2-null cells were further compared with 2D control B16 cells. Western blotting of PCNA protein levels (**Figure [S8](#SM0){ref-type="supplementary-material"}A**) and cell cycle analysis (**Figure [S8](#SM0){ref-type="supplementary-material"}B**) results demonstrated that their proliferation levels are similar. However, the CD133 expression (**Figure [S8](#SM0){ref-type="supplementary-material"}C-D**) and drug resistance of Sox2 KO TRCs are lower than those in 2D control cells. These data suggested that knockout of Sox2 triggers TRCs to lose part of their stemness and exit from dormancy. To eliminate the concern regarding the off-target effects of Sox2 knockdown, we knocked down Sox2 in the Sox2 knockout cells. Both colony number and size were not affected after Sox2 silencing (**Figure [S9](#SM0){ref-type="supplementary-material"}A-B**). The expression of IDO1 was not increased after Sox2 silencing in Sox2 KO cells (**Figure [S9](#SM0){ref-type="supplementary-material"}C**) Together, these results suggest that the Sox2 silencing-induced TRC dormancy is Sox2 deficiencyspecific, and not a result of off-target effects.

STAT3/p53 activation mediates TRC exit from dormancy
----------------------------------------------------

We aimed to elucidate the molecular mechanism through which Sox2 knockdown induces TRC dormancy while Sox2 knockout induces an exit from dormancy. In addition, we tested key cell cycle inhibitors, p27 \[34, 35\]and p21 [@B36], [@B37], and apoptosis- associated marker p53 in control, Sox2 shRNA and Sox2 KO TRCs, IFNγ (dormancy positive control), and Etoposide- (a senescence positive control)treated groups (**Figure [4](#F4){ref-type="fig"}A-B**). We found that, similar to the IFNγ-treated group, the Sox2 shRNA group showed p27^high^ p21^high^ expression. The Etoposide group also showed p21^high^p53^high^ expression. However, the Sox2 KO group exhibited p21^low^ p53^high^ expression, which is different from the dormancy or senescence gene expression patterns. Low levels of p21 may contribute to proliferation of Sox2 KO colonies. However, a high level of p53 may be the key factor for the Sox2 KO cells\' low resistance to apoptosis and exit from dormancy. Moreover, the apoptosis analysis showed that p53 inhibition significantly rescues the Sox2 KO cells from apoptosis under Tazarotene treatment (**Figure [4](#F4){ref-type="fig"}C**).

It is reported that STAT3 phosphorylation is the key event that switches TRCs from dormancy to apoptosis by regulating p53 and p27 expression [@B38]. Serine-, but not tyrosine-, phosphorylated STAT3 mediates TRC dormancy by binding to the promoter of *p27*, while serine- and tyrosine-phosphorylated STAT3 together induce TRC apoptosis by binding to the promoter of *p53*, but not that of *p27*. Consistently, we found that S-STAT3 (serine-phosphorylated STAT3) was increased in both Sox2 shRNA and Sox2 KO groups, and Y-STAT3 (tyrosine-phosphorylated STAT3) was significantly decreased in the Sox2 shRNA group (**Figure [4](#F4){ref-type="fig"}D**). We further performed a ChIP assay to test *p53* and *p27* promoters (**Figure [4](#F4){ref-type="fig"}E-F**). For the Sox2 shRNA group (S-STAT3^high^ Y-STAT3^low^), STAT3 activated p27 expression by binding to the promoter of *p27*, and subsequently induced dormancy. However, for the Sox2 KO group (S-STAT3^high^ Y-STAT3^high^), STAT3 activated p53 expression by binding to the promoter of *p53*, subsequently switching TRCs from dormancy to pre-apoptosis. As for the cells on 2D rigid dishes, we examined their STAT3/p53-caspase3 pathway activation levels by western blotting (**Figure [S10](#SM0){ref-type="supplementary-material"}**). p53 and Y-STAT3, but not S-STAT3, were slightly increased in 2D Sox2 KO cells, suggesting that Sox2 knockout on 2D rigid dishes partially activates the STAT3/p53 pathway.

Low levels of Sox2 induce TRC dormancy *in vivo*
------------------------------------------------

To further examine the role of Sox2 *in vivo*, we cultured control melanoma TRCs, TRCs with Sox2 knockdown, TRCs with Sox2 knockout, and melanoma cells grown on 2D rigid dishes (2D control) for 5 days and injected 3 × 10^4^ cells per mouse into mice subcutaneously. The tumor formation rates of control TRCs, knockdown TRCs, and 2D control cells were similar (**Table [1](#T1){ref-type="table"}**). Silencing Sox2 in TRCs substantially suppressed B16 melanoma growth and prolonged the survival of mice (**Figure [5](#F5){ref-type="fig"}A-C** ). The growth of the tumor mass was confirmed by immunohistochemistry and H&E staining. On day 28 after injection, the control melanoma cells were more compact than on day 14. On day 28, silencing Sox2 in TRCs did not alter tumor cell density or numbers compared with those on day 14, suggesting that Sox2 knockdown induces growth arrest of melanoma TRCs *in vivo* (**Figure [5](#F5){ref-type="fig"}B**). These findings are consistent with the *in vitro* results and confirm that low levels of Sox2 induce TRC dormancy. Intriguingly, the tumor formation rate of the Sox2 KO group was zero (0 out of 8 mice) (**Table [1](#T1){ref-type="table"}**). None of the mice injected with Sox2 KO cells had succumbed to the tumor on day 50, when all the mice from all the other groups had died. Hence, Sox KO greatly extended the survival time of the mice (**Figure [5](#F5){ref-type="fig"}C**). To elucidate how Sox2 KO TRCs were eliminated *in vivo*, we performed a tumor-specific cytotoxic T lymphocytes (CTLs) killing assay to test their specific lysis [@B39]. Cytolytic analysis indicated that splenic T cells from mice immunized with B16 TRCs were much more potent in killing Sox2 KO cells than control or Sox2 shRNA cells (**Figure [5](#F5){ref-type="fig"}D**). For a further comparative study using western blotting and immunohistochemistry assays, in order to obtain the tumor tissue from all the mice, we tried several numbers of Sox2 KO TRCs (5 × 10^5^, 1 × 10^6^, and 2 × 10^6^). We chose to utilize 5 × 10^5^ cells (**Figure [5](#F5){ref-type="fig"}E** and **Figure [6](#F6){ref-type="fig"}C**) since the number of Sox2 KO B16 cells is enough to form a sizeable tumor in mice. Too many cells may cause skin tissue ulceration in mice. Melanoma tissues of control and Sox2 KO mice at the injection sites were extracted for western blotting analysis. p53 and Y-STAT3 in Sox2 KO TRCs were increased (**Figure [5](#F5){ref-type="fig"}E** and **Figure [S11](#SM0){ref-type="supplementary-material"}**). Expression of cleaved (active) caspase 3 was significantly increased in Sox2 KO melanoma cells (**Figure [5](#F5){ref-type="fig"}E** and **Figure [S11](#SM0){ref-type="supplementary-material"}**). These results suggest that Sox2 knockout melanoma cells became apoptotic via upregulating the p53-caspase3 cascade. Single-cell analysis was performed to correlate Sox2 expression with TRC dormancy and exit from dormancy. Sox2 expressions under different conditions were further tested by immunofluorescence and flow cytometry, both in 2D cells (**Figure [S12](#SM0){ref-type="supplementary-material"}**) and in 3D TRCs (**Figure [6](#F6){ref-type="fig"}A-B** ). Additional immunohistochemistry analysis of Ki67 and COUP-TF1 from different tumor tissues further demonstrates that Sox2 partial depletion is closely associated with TRC dormancy and Sox2 knockout is closely associated with exit from dormancy (**Figure [6](#F6){ref-type="fig"}C**).

Discussion
==========

Cancer dormancy is governed by a combination of external and internal cues [@B40]. It is critical to increase our understanding of the key factors and various pathways involved in cellular dormancy. In this study, we show that Sox2 participates in melanoma TRC dormancy under a low-expression condition. Low levels of Sox2 induce the entry of melanoma TRCs into dormancy, mediated by activating the expression of the IDO1/AhR pathway, which then induces the expression of p27 and p21, contributing to TRC growth arrest and dormancy. With the knockdown manipulation, Sox2 expression was maintained at a low level in the soft matrix of the mechanical microenvironment. Previously, it was reported that the 3D soft fibrin matrix promotes melanoma TRCs to grow and proliferate rapidly [@B12] and that the 3D stiff fibrin matrix inhibits TRC growth [@B19] and induces TRCs to enter dormancy [@B16]. Our current finding of low levels of Sox2 inducing TRCs to enter dormancy in 3D soft fibrin matrix reveals the role of Sox2 in regulating tumor cell dormancy, independent of matrix stiffness. On the contrary, complete depletion of Sox2 in TRCs induces exit of dormancy. High expression levels of p53 and low expression levels of p21 mediate high colony proliferation and moderate apoptosis, while activation of the p53-caspase3 cascade triggers TRC apoptosis and tumor elimination *in vivo*. For differentiated melanoma cells on 2D rigid dishes, Sox2 KO does not activate caspase 3 but activates p53 and Y-STAT3 (**Figure [S10](#SM0){ref-type="supplementary-material"}**), suggesting that triggering of those differentiated melanoma cells to apoptosis is substantially reduced.

Sox2 is critical in pluripotency maintenance of embryonic stem cells and fate determination of adult stem cells [@B17], [@B18]. Our previous studies have shown that Sox2 is essential for proliferation and self-renewal of melanoma TRCs [@B12], [@B19]. Understanding the intersection between cancer dormancy and the cancer stem cell model, which is still poorly characterized, may offer insight into the underlying biology in both realms. Our 3D fibrin gel culture system presents a useful model for research on cancer stem-like cells and cancer dormancy. Recently, several reports have shown that IFNγ and IFNβ treatment and matrix stiffness induce the dormancy of tumor-repopulating cells [@B16], [@B28], [@B38]. Although cancer dormancy signature has not been welldocumented, it has been wellaccepted that indolamine 2, 3-dioxygenase/aryl hydrocarbon receptor (IDO1/AhR) metabolic pathway activation and/or cell cycle inhibiting regulators p27/p21 represent dormancy of TRCs [@B16], [@B28], [@B38]. We have shown that Sox2 expression is decreased in IFNγ-induced dormant TRCs, suggesting that Sox2 may be a key factor downstream of IFNγ and upstream of the IDO1/AhR dormancy-related pathway. There are still questions that need to be answered to determine how IFNγ affects the stemness marker gene *Sox2* expression and the underlying pathological significance during the process of tumor formation and progression. Sox2 is known to be highly expressed in lung and esophageal carcinomas [@B41]. In the present study, we have only demonstrated that low levels of Sox2 are required for melanoma TRC dormancy. In the future, it should be determined if low levels of Sox2 are required for entry into dormancy of other types of cancer.

In this study, we show two different cell fates of TRCs by using two different approaches for *Sox2* gene modification. These two widely used approaches are RNA interference (shRNA), which destabilizes a targeted transcript and induces partial loss-of-function, and CRISPR-Cas9 mutagenesis, which utilizes the nuclease Cas9 to induce frameshift mutations at a targeted locus and induces complete depletion. Several groups have reported that gene knockdown and gene knockout result in very different phenotypes [@B42], [@B43]. For future applications of knockdown and knockout approaches, it is important to consider the molecular causes of the phenotypic discrepancies. Our findings suggest the possibility that complete depletion of Sox2 might be an effective tumor elimination therapy for melanoma using the CRISPR strategy. However, it remains to be seen how to effectively introduce CRISPR to human melanoma *in vivo.* Nevertheless, a deep understanding of Sox2 function in tumorigenic cells may provide a novel insight for improved cancer therapy.
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BSA

:   Albumin from bovine serum

ChIP

:   chromatin immunoprecipitation

CSCs

:   cancer stem cells

CTLs

:   cytotoxic T lymphocytes

DMEM

:   dulbecco\'s modified Eagle\'s medium

DMSO

:   Dimethyl sulfoxide

H&E

:   hematoxylin-eosin staining

IDO1/ AhR

:   indolamine 2, 3-dioxygenase/aryl hydrocarbon receptor

IFNγ

:   Interferon γ

MEM

:   minimum essential medium

Neg Ctr

:   negative control

PBS

:   phosphate buffered saline

PCNA

:   proliferating cell nuclear antigen

RT

:   Reverse transcription

shRNA

:   short-hairpin RNA

siRNA

:   Small interfering RNA

Sox2 KO

:   Sox2 knockout

TICs

:   tumor initiating cells

TRCs

:   tumor-repopulating cells.

![**Silencing but not knocking out Sox2 in TRCs inhibits colony growth of TRCs. (A**) Single individual B16-F1 melanoma cells were cultured in 90-Pa fibrin gels after Sox2 was silenced (Sox2 shRNA), overexpressed, or knocked out (Sox2 KO). Representative images of colonies on day 5 (all colonies started as single cells at day 0). Scale bar: 50 μm. **(B, C)** Colony size and colony number were quantified (mean ± SEM; n = 15 samples; three separate experiments). **(D)** Representative images of western blotting of Sox2 expression after Sox2 knockdown or knockout. **(E)** Quantified data of western blotting (mean ± SEM; n = 3). ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001.](thnov09p0424g001){#F1}

![**Silencing Sox2 induces entry of cultured TRCs into dormancy. (A)** B16 cells, transfected with Sox2 shRNA\#1 or shRNA\#2, were cultured as single individual cells in 90-Pa fibrin gels for 10 days. Left: bright field images were taken on days 5 and 10; right: B16 cells transfected with negative control, Sox2 overexpression plasmids, or Sox2 shRNA\#1 (day 10) plus Sox2 overexpression plasmids. Colony sizes were quantified (mean ± SEM; n = 15 samples; three independent experiments. *N.S.*: not significantly different). **(B)** Cell cycles were analyzed by flow cytometry after seeding cells in 90-Pa fibrin gels for 5 days. **(C)** Quantification of cell cycle analysis (mean ± SEM; n = 3 independent experiments) \*\*P \< 0.01. **(D)** Representative images (left panels) and quantification (right panel) of double immunostaining of COUP-TF1 and Ki67 under various conditions. Scale bar: 50 μm. The values represent mean ± SEM from n = 10 randomly chosen fields of view from two different experiments. **(E)** Glucose consumption was assayed in B16 TRCs transfected with shRNA or treated with IFN-γ (100 ng/ml) for 3 days.**(F)** SA-β-gal staining was quantified. B16 TRCs were transfected with shRNA or treated with 50 μM Etoposide for 3 days.*N.S.*: not significantly different. **(G)** B16 cells transfected with negative control, Sox2 shRNA \#1, Sox2 shRNA \#2, or treated with IFN-γ (100 ng/ml) were cultured in 90-Pa fibrin gels for 5 days and total mRNAs were extracted for quantitative analysis of IDO1 or Sox2 expression by real-time PCR (mean ± SEM; three independent experiments). ^\*^*P* \< 0.05, \*\**P* \< 0.01.](thnov09p0424g002){#F2}

![**Knocking out Sox2 triggers TRC exit from dormancy. (A)** Cell cycles of Sox2-knocked out (KO) cells were analyzed by flow cytometry after seeding in 90-Pa fibrin gels for 5 days. **(B)** Cells were cultured in 90-Pa fibrin gels for 5 days and total proteins were extracted for analyses of PCNA or CD133 expression by western blotting. Left: representative blotting images; right: quantitative data (mean ± SEM; n = 3 independent experiments). **(C)** Both control cells and Sox2 knockout cells were treated with 0.1% DMSO, Tazarotene (100 μM), or all-trans retinoic acid (ATRA) (100 μM) for 3 days in 90-Pa fibrin gels. Similarly, cells were cultured in 900 Pa fibrin gels for 2 days and then treated with IFN-γ (100 ng/ml) for 24 h. Colony sizes were measured on day 5 (mean ± SEM; n = 3 independent experiments). (**D**) Cell apoptotic ratio was measured by flow cytometry ( mean ± SEM; n = 3 independent experiments).**(E)** Representative westernblotting images of IDO1 expression in control B16 cells or Sox2-knocked out cells, either treated with IFN-γ or with PBS. Quantification results are shown in Figure [S4](#SM0){ref-type="supplementary-material"}C.^\*^*P* \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](thnov09p0424g003){#F3}

![**Dormancy exit is mediated via STAT3 and p53 activation. (A)** *p53*, *p27*, or *p21* expression was quantified by real-time PCR. Total mRNAs of control B16 cells, B16 cells transfected with Sox2 shRNA, Sox2-KO cells, or cells treated with IFN-γ (100 ng/ml) or treated with Etoposide (a DNA re-ligation inhibitor, 50 μM) were extracted. The values represent mean ± SEM from three independent experiments. **(B)** Western blotting analysis of p53, p27, or p21 protein level in control B16 cells, B16 cells transfected with Sox2 shRNA, or Sox2 KO cells from three independent experiments. **(C)** Sox2 knockout cells, with or without the p53 inhibitor, Pifithrin (2 μM), were treated with 0.1% DMSO or Tazarotene (100 μM) for 3 days in 90-Pa fibrin gels. The cell apoptotic ratio was measured by flow cytometry. The values represent mean ± SEM from three independent experiments. **(D)** Representative images and quantitative analysis of S-STAT3 (phospho-S727), Y-STAT3 (phospho-Y705), or total STAT3 expression in control B16 cells, B16 cells transfected with Sox2 shRNA, or Sox2-KO cells by western blotting. The values represent mean ± SEM from three independent experiments. *N.S.*: not statistically significant. **(E, F)** ChIP (chromatin immunoprecipitation) assays were performed using normal rabbit IgG (negative control), S-STAT3, or Y-STAT3 antibody on control Sox2 shRNA and Sox2-KO cell lysates. Two sets of primers were used for *p27* and *p53* promoter regions. Relative enrichment was determined by real time PCR. The values represent mean ± SEM ( n = 3). ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01.](thnov09p0424g004){#F4}

![**Knocking down of Sox2 in TRCs induces melanoma dormancy *in vivo*.** B16 cells (3 × 10^4^) of 2D control (cells were plated on rigid plastic), TRCs control (cells were plated in soft 90-Pa fibrin gels), TRCs + Sox2 shRNA (TRCs transfected with Sox2 shRNA), or TRCs+ Sox2 KO (Sox2 was knocked out with CRISPR) TRCs were subcutaneously injected into C57BL/6 mice (n = 8 mice per group). **(A)** Tumor size of mice were measured (n = 8 mice per group). Note that in the TRCs + Sox2 KO group, since no tumors were detected, the tumor size was always 0.^\*\*^*P* \< 0.01.**(B)** On day 14 and 28, tumors were isolated and analyzed by immunostaining against S100 or H&E staining (400×). Upper: immunohistochemical analysis of melanoma tissues using S100 (a specific melanoma cell marker). S100 signal is shown as brown. DAPI (blue) staining for the nucleus. Lower: H&E staining for cells in the tumor tissues. Nucleus (Blue), cytoplasm (Light purple). Twenty-eight days after injection, control melanoma cells were more compact than those on day 14, while Sox2 knockdown TRCs almost maintained the original tumor cell density and numbers as observed on day 14. Scale bar: 100 μm. (**C**) Long-term survival were measured (n = 8 mice per group), no mice in the TRCs + Sox2 KO group succumbed to the tumor on day 50, when the observation was stopped because all mice from the other groups had died. Two of eight mice in the TRCs + Sox2 KO group died only because of accidental tearing damage during long-term feeding. ^\*\*\*^*P* \< 0.001. **(D)** Splenocytes were harvested from mice preimmunized with B16 TRCs 20 days after tumor implantation, and then cultured with 2D B16 control cells. 5 days later, the cells were harvested and used as CTL effector cells. Co-cultures of the control B16 TRCs, B16 TRCs with Sox2 shRNA, or Sox2 KO TRCs with CTL effector cells at different ratio (S: T ratio) for 24h. Specific lysis were analyzed by standard lactate dehydrogenase cytotoxicity assay. The values represent mean ± SEM from three independent experiments. ^\*\*^*P* \< 0.01.**(E)** Representative western blotting images from tumor tissues. To harvest tumor tissue proteins, 5 × 10^5^ control TRCs and Sox2 knockout TRCs were subcutaneously injected into C57BL/6 mice for 7 days (at least 5 mm × 5 mm size of melanoma was collected for each group). Melanoma tissues were collected and lysed for protein analyses. These are representative images of p53, Y-STAT3, STAT3, Cleaved-Caspase3 (activated Caspase 3), or Caspase3 expression. Quantified results are shown in Figure [S11](#SM0){ref-type="supplementary-material"}.](thnov09p0424g005){#F5}

![**Sox2 expression is closely associated with TRC dormancy by single-cell analysis. (A)** Representative images of immunostaining of Sox2 for B16 control cells, cells transfected with Sox2 shRNA, Sox2 KO cells, or cells transfected with Sox2 overexpression plasmid after being cultured in 90-Pa fibrin gels for 5 days (n = 10 randomly chosen fields of view from two different experiments). Scale bar: 50 μm. **(B)** The expression of Sox2 was analyzed by flow cytometry. Data are representative of three independent experiments **(C)** Tumors were isolated and analyzed by immunohistochemistry analysis against Sox2, Ki67, or COUP-TF1 staining (400×). Signals are shown in brown, with DAPI (blue) staining for the nucleus. Scale bar: 100 μm.](thnov09p0424g006){#F6}

###### 

Tumorigenicity of B16-F1 cells in C57BL/6 mice.

  Tumor cells         Tumor formation
  ------------------- -----------------
  TRCs control        8/8
  TRCs + Sox2 shRNA   7/8
  TRCs + Sox2 KO      0/8\*
  2D control          8/8

3 × 10^4^ B16-F1 cells were subcutaneously injected into C57BL/6 mice (n=8 mice per group). Number of tumor formation per group was measured in 30 days. Note that no tumor was formed in the TRCs + Sox2 KO group. \*P\<0.05 (Fisher\'s exact test).
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